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FOREWORD

This report was prepared by North American Rockwell Corporation,
Los Angeles Division, under USAF Contract No. AF 33(615)-3979.
The contract was initiated under Project No. 7381, "Materials'
Application”. Task No. 733106, "Engineering and Design Data”.
The work was administered under the direction of the Air Force
Materials Laboratory, Vright-Patterson Air Force, Ohio, by

Mr. C. L. Harmsworth, Project Engineer.

Dr. A. W. Sommer of the NR/LAD Research and Engineering Division,
Materials and Producibility lLaboratory was the Program Manager.
Mr. G. R. Martin was the Project Erngineer. Others who cooperated
in the research and in the preparation of the report were F.
Wermuth, M. Harrigan, G. Keller, and R. lorenz, Statistics.

This report covers work conducted from May 1969. The contractor's
report number is NA 69-350.

The report was submitted by the author in May 1969.

This technical report has been reviewed and is approved.

A O bt

A. OLEVITCH

Chief, Materials Engineering Branch
Materials Support Division

Air Force Materials Laboratory
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ABSTRACT

The purpose of this progrem was to develop design information on four
titanium alloys for inclusion into Military Handbook-5. The alloys
investigated were Ti-6A1-4V Condition STA, Ti-4Al-3Mo-1V Annealed
Condition, Ti-13V.11Cr-3A1 Annealed Condition, and Ti-6Al1-6V-2Sn
Anneuled Condition and Condition STA.

The mechanical properties investigated were tensile, compression, shear,
bearing, fracture toughness and fatigue. The generul results obtained
are presented in Section VII of this report and the data generated for
Military Handbook-5 are presented in Section VIII.

This abstract has been approved for public release and sale; its dis-
tribution is unlimited.
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SECTION I

INTRODUCTION

g

.

1.1 ZURROSE OF THE PROGRAM

The program objective was to support the development of MIL-HD3K-5 data
1 on titanium alloys by conducting a mechanical property design deta progrem
] for four selected titanium alloys. The alloys evaluated are:

s ga il
-

. Ti-4A1-3Mo-1V Zond. A - Sheet

. Ti-13V-11Cr-3A1Cond. & ~ Sheet

. Ti-6A1-4V Cond. STA - Plate

. Ti-6A1-6V-25n Cond. A and STA - Plate

0 D -

The mechanical property tests performed were tension, compres-ion, bearing,
shear, and thermsl stability at temperatures from smbient to 300F in con=-
junction with fracture toughness and fatigue tests at room temperature.

The date generated was compared with data obteined by means of a literature

search, :

? 1.2 BACKGROUND

MIL-HDBK~5 has long been accepted by the DOD and the FAA as the appropriate

i source of design allowables on structural materials, In order to establish
and maintain an acceptable level of confidence in the handbook the MIL-~

3 i HDBK-5 Supervisory Committee has imposed certain reliability criteria on the

3 ; data and their analysis. These include a general raquirement for at lesst
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ter heats or lots of each material condition from three or more (if pssible) ;
producers. A minimum total of 100 tests should go into the establishment )
x of each allowable value. Consequently, the only properties that are gen-

! uinely established as "A"™ and "B" value (statistically reliable allowebles)

= are Fgy and Fty at room temperature. The remaining properties such as

! compression, bexring, and shear, if they are included, are usually derived

i using ratioing techniques. Elevated temperature propsrties may also be

H derived. It is the purpose of tnis program to obtain these data on seversl

1 titanium allcys using information from producers, users, dats information

i‘ centers and a test program. The alloys were selected as a result of a

: » reviev Of gaps in MIL Hdbk-5 data and besed on requests for data received
: by the Department of Defense Information Centers.

— - ~ - e~ - e R
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Section 11

TEST MATERIALS

Contained within %his section are; (1) material procurement specification
requirements, (2) vendor certifications (3) thermal processing history,
(4) metallography (5) mechenical properties to be determined, and (6) test
conditions for all the materials utilized in this investigation.

Page
Test Mat.:rials; Specification Requirements and
Cervification 3-h
Thermal Processing L2
Microstructures k2 - 70
Mechanical Propertiss Determined 11
Test Conditions - 78
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2.) Discussion:

The material data contained herein, identifies the source and provides the
chemistry, heat treat condition, and material thickness for &ll the material used
in the subject program, Each material is listed with the applicable vencor heat
number, chemical composition, and the results of the supplier's tensile tests as
obtained from the vendor certifications. All material utilized under this pro-
gram sponsorship was procured to MIL-T-9046 requirements with all thermal processing
adhering to the requirements of MIL-H-81200,

A brief summary of the materials, source and number of heats is listed below:

Material Source Number of Hescs
Ti-4A1~3Mo-1V Cond, A TMCA 5
. RMI 1
Ti-13V-11Cr-3A1 Cond. ST TMCA 5
Ti-6A1-4V Cond. STA TMCA 5
RMI 3
Ti-6A1-6V-2Sn Cond., A and STA TMCA 15

In addition to the data cbtained from the test program, data has also been
incorporated from North American's Engineering and Quality Control Laboratories
" and test reports from the following vendo:s and users:

B R A R AN A AR Y D B A A R B O ST A B O AR A RS TE B NS

Titanium Metals Corporation cf America

NASA - Langley

DMIC Data Sheets (Battelle Memorial Institute)
The Boeing Company

Reactive Metals, Incorporated

b hhde bbb b wladdn % 1

2.2 Material Certification

The fcllowing pages present the test material procurement specification
requirements along with the vendor certifications sent with the test material.
One heat of Ti 4Al-3Mo-1V Condition A was received without an attached certifica-
tion. Efforts to obtain this certification proved unsuccesstul.
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2.21 Msterial: Ti 4A1-3Mo-1V Cond A (Specification requirements)

WA TR

Specification  MIL-T-90L6 Sheet, Strip and Flate
Type I11

PRE——

SPECIFICATION MINIMUM PROPERTIES (KSI)

Tensile Strength 125
Yield Strength 115
0.2% Offset
Elongation 10 _
%

i o

SPECIFICATION CHEMICAL LIMITS

Total

c Fe Other

i N Al Vicr | # | H Zr |Sn | Mn {02 | T4 |Elements
. (Max. ) {{Max) (Max) (Max.)

wreon e s St

0.08 .30 .05 5.5 }3.5 | — — |0.015] — —~ | — ]o.20 |Bal 0.40
6075 uos
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% . 2.2.1 (cortinued) [
: g MATERIAL: T4 4AL-3Mo.1V  Cond. A ;
- € i
3 ’gf VENDOR HEAT NUMBER: G-1595  (MCA) s

NR/LAD IDENTIFICATION: Heat 1

CHEMICAL COMPOSITICN:

CARBON 0.023 VARADIUM 1.1
; IRON 0.09 MOLYBDENUM 3.3
' FITROGEN 0.008 HYDROGEN  0.012
3 ' ALUMINOM 4.6 OXYGEX  0.10
k HEAT TREAT CONDITION: Annealed Per MIL-H-81200

: Tit, 0.5%

2 1 Vendor Tensile Yield

. § Test Test ! Mat'l., | Nom. [ Spec. Strength|l Strength

i F-8649 | Room ] Annealed s.034] 1ong. | 134.7 123.5 12.5
? Trans. | 139.8 126.3 12.0

R
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2.2.1 (continued) .
MATERIAL: Ti4AL-3Mo-1V Cond. A
VEFDOR HEAT WUMBER: G-895  {TMCA)
E
4 FR/LAD IDRWTIPICATIOH: Heat 2
3 CHEMICAL COMPOSITION:
] CARBON  0.023 VANADIOM 1.1
TROW 0.09 MOLYEDENDM 3.2
NITROGEN 0.0l HYDROGEN  0.008
. ALUMINUM 4.5 CXIGEN 0.11
: HEAT TREAT CONDITION: Annealed Per MIL-E-81200
Tit. 0.28 ’
Vendoz Tensile Yield
Tast Teat Mat'l. | Mom. { Spec. Strength} Strength
- J-0679 Room §Annealed 0.055 | Long. 133.0 124.1 14.0
3 Trans. 137.3 131.8 10.5
1
=
: i




e

£
4
4
J.
i
i

N £
] 2.2,1 (continued) .
MATERTAL: Ti~ 4A1-3Mo-1V Cond. A

iy

VENDOR HEAT NUMBER: G-2L4é)

114 LD WREREY 4 FLND TN

WR/LAD IDENTIPICATION: Heat 3

(Aashd

i ALY,

i CHEMICAL COMPOSITIONS
¥ CARBON  0.022 VANADIDH 1.1
’ IRCH 0.06 MOLYEDENUM 3,2
NITRCGEN 0.007 KYDROGEN 0.009 i
ALUMINUM 4.3 OXYGEN 0.10
| HEAT TREAT CONDITION: Annealed Per MIL-H-81200

Ult. 0.2%
Vendor Tensile Yield
Test. Test Mat'l, ! Nom. { Soec, Streagth] Strength

7-0678 | Room Annealedh 0.063 | Long. | 131.9 122.8 15.5

Trans. | 136.5 130.8 12.0

TIPSy

m\kuv\
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(continued)

MATERIAL:

‘M- 4A1-3M0-1V Cornd. A

YENDOR HEAT NUMEER:

NR/LAD IDRNTIFICATION:

CHEMICAL COMPOSITION:

HEAT TREAT CONDITION:

0.025

0.09

NITROGEN 0.010
ALUMINOM 4.4

G-1523

Heat 4

(m™ca)

VANADIUM
MOLYBDENUM
HYDROGEN
OXYGER

1.0
3.3
0.012

0.12

Annealed Per MIL-H-81200

0.051

Spec.

Lon, -

Trans.

Tit.
Tensile
Strength

0.2%
Yield
Strength

134.8
136.2

118.0

122.6

13.5
1.0
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2.2,1 (continued)
MATERIAL:

T4~ bA1-3Mo-1V

VZNDOR HEAT WUMEER:

MR/LAD IDEWTIFICATION:

CHEMICAL COMPOSITION:

CARBON

IROM

0.025

0.09

NITROGEN 0©0.011
ALDMINDM  L.3

HEAT TREAT COMDITION:

o-1401

Heat 5

Cord.

(T™CA)

VARADIUM

MOLYBDEXUM

HYDROGEN
OXYGEN

1.2
3.3
0.005

0.12

Annealed Per MIL-H-81200

| B1t. 0.2%
Tensile Yield
Nom, | Spec. Strength] Strength
_Gege _Direct. 1 Kal Jai 1 £ Elong, |
0.067 L 131.0 122..8 11.5
T 140.4 136.0 13.5
,_A i
-9 -
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2.2.1 (contirued)
MATERIAL: T4-4A1-3M0-1V Cond. A

VENDOR HEAT WUMBER: 321055 (PuX)

. FR/LAD IDENTIFICATION: Heat 6

CRRMICAL COMPOSITION:

CARBON 0.015 VARADIUM 0.91
IROM 0.19 MOLYBDENUM  3.27
FITROGEX  0.004 HYDROGEN 62 PPM
ALIMINOM  3.80 OXYGEN 0.091

HEAT TREAT CONDITION: Annealed Per MIL-H-81200

Ult. 0.2%
Tersile Yield
Nom. | Spec. Strength] Strength .
0.110 L 131.5 124.8 13.0
T 138.8 136.0 14.0
ﬂ

Note:  Above tests perforwed by North American Rockwell, Los Angeles Division

-10-
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2.2.2 Material: T4 13V-11Cr-3Al1 Cond A or ST (Specification Requirements)
Specification MIL-T-9046 Sheet, Strip and Plate
Type IV
SPECIFICATION MINIMUM PROPERTIES (KSI)
0.050 Other 0.050
Gage Gage
Tensile Strength 132 125
Yield Strength 126 120 (Min)
0.2% Offset
Elongation 8.0 10.
%
SPECIFICATION CHEMICAL LIMITS
Total
Other
C Fe N Al v Cr Mo H Zr 3n Mn o) ™ Elements
(Max )| (Max) (Max) (Max.)
0.05 {0.15 l0.0512.5 {12.5¢{10 — 10,025} = | — | ~— ]0.20 | Bai. 0.4C
0.30 3.5 | 1k.5})12
- 11 -
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2.2.2 (continued)
MATERIAL: Ti- 13V-11Cr-3A1
VENDOR HEAT NUMBER: D-7855  (TMCA)
WR/IAD IDENTIFICATION: Heat 1
CREMICAL COMPOSITION:
CARBON 0.017 VAMADIUM 13.7
IRON 0.15 CHROMIUM 10.9
NITROGEN 0.030 HYDROZKEN 0.010
ALDMINDY 3.1 OXYGEX 0.13
HEAT TREAT CONDITIONS Solution Treated
ult. 0.2%
Vendor Tensile Yield
Test Test Strength] Strength
F-2102 Room 136.8 128.4 18.0
1.7 132.7 9.5
Room 194.1 176.3 7.0
208.5 192.7 4.5
; R s A

Lab Azed 2L Hours at 90Q°F

-12-
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CHEMICAL COMPOSITION:

: CARBON 0.017

% IRON 0.16

§ NITROGEN 0.028

3 amae 3.1
| HEAT TREAT CONDITION:

) 2.2.2  (continued)
MATERTAL: T4.13V-11Cr-3A1
VENDGR HEAT NUMEER: p-Tr70  (TMCA)
2 NR/LAD IDENTIFICATION:  Heat 2

VANADIUM 13.6

CHROMTUM 10.8

HYDROGEN

OXYGEN

0.12

Solution Treated

0.023

Vendor
* Test

F-1951

Ult.

Tensile
Strength
Xad

13k.4
140.9
193.5

205.0

000 S

(1) Leb Aged 24 Hrs. at 900°F
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2,2.2 { continued)
MATERIAL: T1-13V-11Cr-3A1
VENCOR HEAT NUMBER: D-T1I07 (TM™CA)
NR/LAD IDENTIFICATION: Heat 3
CHEMICAL COMPOSITION:
CARBOK 0.028 VANADIUM  13.5
IROA 0.26 CHROMIUM  10.8
NITROGEN .022 HYIDROGER 0.004
ALDMINGH 5.0 OXYGEN 0.1%
HEAT TREAT CONDITION: Solution Treated
Ult. 0.2%
Vendor Tensile Yield
Test Strength{ Strength
__No, Kal Kasi 1 £ Kooz §
T-0342 136.9 133.7 21.0
140.3 135.7 17.0
193.2 175.9 9.5
200.1 184.1 7.0
—

(1) Lab Aged 24 Hrs.

at 900°F

-1 -
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(1)

Lab Aged 24 Hrs.

: 2.2.2 (continued)
MATERIAL: T1.13V-11Cr-3A1
VENDOR HEAT NUMBER: D-7639  (TMCA)
: ’ NR/LAD IDENTIFICATION: Heat
3 CREMICAL COMPOSITION:
: CARBOW 0.023 VANADIUM  13.7
t IRON 0.17 CHROMIUM  10.6
NITROGEY  0.025 HYDROGEN 0.015
ALUMINUY 3.1 OXYGEN 0.12
fEAT THEAT CONDITION: Solution Treated
' Tit. 0.2%
Vendor Tensile Yield
. Test Test Mat'l. Strengthl Strength
| No. 1 Zemp, ) Conds ¢ 3 Xl % Elong.
C-9887 | Room l ST 139.7 135.1 16.0
1Lkk.6 139.2 i3.0
arall) 197.9 179.1 7.5
g 208.9 191.% 5.5
; S I R

2t 900°F

- 15 -
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3 % 2.2.2 (continued)
E : MATERIAL: T4.13V-11Cr-3A1
g i VENDOR HEAT NUMBER- D-T110  (TNCA)
s,
P WR/LAD IDENTIFICATION: Heat 5
CREMICAL COMPOSITIONS
CARBON 0.027 VANADIOM  13.7
1 IRO® 0.16 CHROMIUM  10.8
1 NITROGEN  0.02%%6 HYDROGEN 0.003
ALUMINUX 3.0 OXTIGEN 0.12
3 HEAT TREAT CONDITION: Sclution Treated
Uit. 0.2%
Vendor Tensile Yield
Tset Test Mat'l. Strength] Strength ‘
u 7-029% | Room | sT 130.7 22.5
*4
135.9 17.5
: ! sra(l) 164.1 9.0
165.7 6.5
1 U - -
k’ml—*
(1) Iab Aged 24 Hrs. at 900°F
- 16 -




] ; 2.2.3 Material: Ti 6Ai-4V Comd STA (Specitication Requirements)
: . Specificstiorn MIL-T-90U6 Sheet, Strip, and Plate
Type III Comp C
, SPECIFICATION MINIMUM PROPERTIES (KSI)
i
' 21/4" |81/2" to[3/4' to |1" to
to 1/2“ 3/hx 1:' 1-1/2.0
Tensile Strength (Min) 160 150 150 1k5
Yield Strength (Min) 145 145 140 135
” 0.2% OfPset
Elongation % 8 8 6 6
| SPECIFICATION CHEMICAL LIMITS
, Total
f ¢ Fe N Al v Cr Mo H Zr Sn Mn 0o T4 Other
. § (Max) YMax) (Mex) Elements
(Max)
0.08 }0.30 p.05 | 5.5 {3.5 | — — 10015 — | — | — | ¢.20 [Bal. 0.40
B 6.75 | k.5
-4
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2.2.3 (~mtizuzd)

MATFRIAL:
VENDOR HEAT BNUMBER:

22

Ti- 6A1-LV
HT G L4956  (‘MCA)

NR/LAD IDERTIFICATION: Heat 1

CHEMICAL COMPOSITION:

CARBON 0.025 VANADIUM 4,1
TRON 0.10 HYDROGEN 0.009
NITROGEN 2.010 OXYGEN 0.10
ALUMINUM 6.0
HEAT TREAT CONDITION: Solution Treated and Aged to MIL-T-QOUGE
Type 3 Comp C
Ult. 0.2%
Vendor J Tensile Yield -
Test Test Mat'l. | Nom. | Spec. Strength| Strength
| Mo, | Temp. § Cond. } Gag  Direct. 3 Xsi Kol
t J-3183 RT STA n.250} L 166.6 153.0 8.5
T 183.2 - 171.8 8.0

- 18 -
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2.2.3 {continued)
MATERIAL:

VENDOR HEAT NUMEER:

T4-6A1-4V

NR/LAD IDENTIFICATION:

CEEMICAL COMPOSITION:

HEAT TREAT CORDITIN:

CARBON
TRON
NITROGEN
ALUMINUM

BT G-4796

Heat 2

0.026

0.15

0.015

6.4

VARADIUM
HYDROGEN
OXYGEN

('TMCA)

k.2

0.005
C.14

Aged & hours - 1000°F A.C.

Soluticn Treated and Aged to MIL-T-QOL6E
Type 3 Comp C 1700°F 1,4 Zr - W.Q.

git. 0.2%
Vendor 4 Ten-ile Yield
Test Test Mat'l. | ¥om. | Spec. Strength| Sirength
J-U376 RT STA 0.250 I 176.0 164.0 9.0
T 180.2 174.3 10.5
- 19 -
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2.2.3 (continued)

MATERIAL:

VENDOR HEAT EUMBER:

NR/IAD IDENTIFICATION:

CHEMICAL COMPOSITION:

HEAT TREAT COYDITION:

CARBOR
IRON
NITROGEN

ALUMINUM

T4- 6AL-4V
HP X-53788  (max)
Heat 6
c.03 VANADIUM k.2
0.16 HYDROGEN 72 ppm
0.011 OXYGEN 0.107
6.1

Prod. S8olution Treated 1725°F for 10 minutes

W. Q. Aged 1000°F for U4 Hrs. and Air Zooled

Ult. 0.2¢%
Vendor 4 Tensile Yield
Test Test Mat'l. | KNom. | Spec. Strength| Strength
RT -] STA 0.250 L 168.0 156.0 8.0
T 168.0 151.0 8.0
. !




& W e TUTC TS W FOR BT O T A m“mmﬂm
3

WVYFW

E!
:
;

oy s ATy

1 ¢ T TN NARTY A 4 b

o amare

2.2.3 (continued)
MATERTAL: 11-6A1-4v
VENDOR HEAT NUMBER HT G-6539 (TMCA)
NR/LAD IDENTIFICATION: Heat 1
CHEMICAL COMPOSITIOK:
CARBON 0.024 VARADIUM 4,2
IRON 0‘. 16 HYDROGEN 0.005
NITROCEN 0.008 OXYGEN C.19
ALUMINUM 6.2
HEAT TREAT CONDITION: Solution Treated ard Aged to MIL-T-QOMUGE
Type 3 Comp C
Ult., 0.2%
Vendor 4 Tensile Yield %
Test Test | Mat'l. ] Nom. } Spec. Strength{ Strength Red.

J-3855

Mo, | Temo. | Cond, | Gece !Direct.] Kad s | SElopg, | Area
0.500

171.1 158.1 19.0 hi.2
T 168.1 155.2 16.5 k2.6

- 2] -
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MATERIAL: ™. 6Al-kV

VENDOR HEAT NUMEER HT G-7278 {TMcA)
WR/LAD IDENTIFPICATION: Heat 2

CHRMICAL COMPOSITION:

CARBOR 0.025 VANADIUM k.2
TRON 0.17 HYDROGEN 0.005
NITROGEN 0.009 OXYGEN 0.20

ALUMINUM 6.4

J-5801

No. | Teap, { Cond, | Gaes {Dixsct.d  Kel 1 Kel | %Elopg, g Area |

RT STA 0.500 L 175.5 163.3

T 182.2 172.4

HEAT TREAT CONDITIONt Solution Treated and Aged to MIL-T-QOUGE
Type 3 Comp C
Ult. 0.2%
Vendor 4 Tensile Yield %
Test Test | Mat'l. | Nom. | Spec. Strength| Strength Red.

15.0 39.5

k.0 36.8
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2.2.3 (continued)

MATERIAL:
VENDOR AEAT NUMBER

T4 .6A1-4V

NR/LAD IDENTIFICATION:

CHEMICAL COMPOSITION:

CARBON
IRON
NITROGEN
ALUMINUM

0.02

0.12

HT

Heat 7

0.013

6.4

HEAT TREAT CONDITION:

302634

VANADIUM
RYDROGEN
OXYGEN

(Rx)

-

L.3

L2 ppm
c.168

Prod. Soiution Treated 1725°F for 10 minutes

W.Q. Lab Aged 1000°F for 4 Hours Air Cooled.

mto 005
Vendor 4 Tensile Yield
Test Test Mat!l. | Nom. | Spec. Strength] Strength
S (- _Iﬂllz..1 | Cond, | Gass 1Direct.y Kal Ksl
RT STA 0.478 L 170.0 153.0 7.0
T 173.0 162.0 9.0
-23 -
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. ’ 2.2.3 (continued)
i ; MATERIAL: Ti- 6A1-L4V
: VENDOR HEAT NUMEER BT G-7021  (TMCA)
% £
: YR/LAD IDENTIPICATION: Heat 2
=
5 CHEMICAL COMPGSITION:
; CARBON 0.022 VANADIUM k.2
? TRON 0.18 HYDROGEN 0.00k
' NITROGEN 0.12 OXYGEN 0.17
ALUMINUM 6.3
4 ) HEAT TREAT COEDITION: Solution Treated and Aged to MIL-T-SOLEE
- ; Type 3 Comp C 1675°F, 15 Min. - W.Q. Age
3 4 Hours 1000°F A.C.
3
: ) Ult. 0.2¢%
: : Vendor 4 Tensile Yield
S Test Test | Mat'l. | Nom. | Spec. Strength| Strength
J-4821 RT STA 1.000 L. 168.5 155.0 4.5
T 176.8 165.9 17.0
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2.2.3 (continued)

MATERIAL: Ti- 6A1-4V

VENDOR HEAT NUMEER HT 29350k (RMI)
F WR/IAD IDENTIFICATION: Heat 6

CHEMICAL COMPOSITION:

CARBON 0.03 VANADIUM L4
E IRON 0.08 HRYDROGEN 30 ppm
3 NITROGEN 0.010 OXYGEN 0.160
ALUMINUM 6.4

HEAT TREAT CONDITION:

- mt 3 0 3 2’
Vendor 4 Tensile Yield
Test Test Mat'l. | Nom. | Spec. Strength| Strength

150.0/ 143.0/ 12.0/

E L 161.0 148. .
g RT STA }]1.025 ° 14-0
o 1s.0/ | 143.0/ 11.0/
161.0 148.0 15.0

- 25 -
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2.2,4 Material: Ti 6A1-6V-2Sn Cond A &nd STA (Specification Requirements)
Specification MIL-T-9046 Sheet, Striﬁ and Plate
Type III Comp E .
AN
\\
SPECIFICATION MINIMUM PROPERTIES (KSI)
Annealed STA
To i-1/2" 1-1/2" to
Thick 2" Thick

Tensile Strength (Min) 155 170 160
Yield Strength (Min) 145 160 150

0.2% Offset
Elongation [Long)10 3 6

% (Frans) 8

SPECIFICATION CHEMICAL LIMITS
) Tctal
C Fe N Al v Cr Mc H Zr Sn n 02 ™ Other
[Max) | (Max) (4ax) Elements
(Max) |
0.05 {0.35 0.05}5.0 5.0 —_— _— 0.015 § — | 1.5 — 1 0.20 Bal 0.30
1.00 6.0 6.0 2.5
- 26 -
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2.2.4 (continued)

MATERIAL: T4~ 6A1-6V-2Sn
VENDOR HEAT NUMBER: BET G-3104 (T™CA)
NR/LAD IDENTIFICATION: Heat 1

CHEEMICAL COMPOSITION:

CARBOR 0.011 HYDROGEN 0.006
IRON 0.73 TIN 2.1
NITROGEN 0.016 COPPER 0.61
ALUMINUM 5.6 OXYGEN 0.16
VANADIUHM 5.7
HEAT TREAT CONDITION: Annealed - Anneal Temp.
1300F P/M 25¢
U1t. 0.2 %
Verdor Tensile Yield
Test Test Mat'l, Nom, Spec. Strength] Sirength
No, | Temo, | Cond, | Gase §Dirsct.} Kad Xal | fElone,
J-0h11 Room rp.nnealed 0.3k0 L 155.0 148.4 15.0
T 166.8 161.5 18.0

- 27 -
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2.2.4 (continued)

MATERIAL: T1-6A1-6V-28n

VEMDOR HEAT NUMBER: BT G-3212  (TMCA)

NR/LAD IDENTIFICATION: Heat 2

CHEMICAL COMPOSITION:

CARBON 0.024 HYDROGEN 0.007

0.70 2.0

0.66

IRON TIN

NITROGEN 0.014 COPPER

p— VR g s et i d S e R O
% T ;qamupwmmh»ﬂmmmmw AP VTRt N R WL T TR R

Noio

ALUMINUM 5.k OXYGEN  0.13
] VANADIUM 5.4
3 HEAT TREAT CONDITION: Annesled - Anneal Temp.
1300F  P/M 25F
i Uit. 0.2 %
Ver.'or Tensile Yield
Test Test Mat'l, Nom, Spec. Strength] Strength
No, | Temp, { Cond. . Gage I Direct.i _ Ksi Xai £ Rlong, |
J-041% | Room fnnealeda | 0.320 L 156.1 151.1 15.0
T 160.3 156.3 16.5

L R T R S T T

- 28 -
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2.2,k (continued)
MATERIAL: T4-6Ale§V-29n
VENDOR HEAT NUMBER: BT 3-3211  (TMCA)
NR/LAD IDENTIFICATION: Heat 3
CHEMICAL COMPOSITION:
CARBON 0.023 HYDROGEN ~ ©-006
IRON 0.71 TIN 2.0
KITROGEN 0.010 COPPER 0.67
ALUMINUM 5.6 OXYGEN 0.15
VANADIUM 5.5
HEAT TREAT CONDITION: Annesled - Anneal Temp.
1300F P/M 25r
Uit. 0.2 %
Vendor Tansile Yield
Test Test Mat'l, Nom, Spee, Strength| Strength
| Teap, lCond. | Cege JDirect.) Ksd | Ksi 1 fElong, |
J-0413 Room ul\nnealed 0.220 L 157.6 152.7 15.5
T 155.7 149.9 15.0
-9 -
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% 2.2.4 (contimed) -
5 MATERIAL: T4-6A1-6V-25n

% VENDOR HEAT WUMBER: HT G-881 (TMCA)

3 : NR/LAD IDENTIPICATION: Heat U

B

\ ‘:E‘% CHEMICAL COMPOSITION:

F é CARBON 0.02% RYDROGEW  ©.00L

3

; ; IRON 0.66 TIN 2.0

; NITROGEF 0.012 COFPER 0.69

i ALMINOM 5.5 OXYGEN 0.6

F VANADIUM 5.5

1 §\ HEAT TREAT CONDITION: Annssled - Anneal Temp.

& 1300F P/ 25F ,

o
; Tit. 0.2 % .
= Vendor Tensile Yield
; Test Test Mat'l. Nom, Spec. Strongth| Strength

F ¥ M_HA%M_M_MA SII__JUM

] 20412 | Room | Annealed 0.315 | L 157.4 151.2 15.0

] T 160.5 155.4 18.0

3

:

- 30 -
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2.2.4 (contimued)

MATERZAL: T4. 6A1-6V-2Sp

VENDOR HEAT NUMBER: HT G 1537  (TMCA)

MR/L2D IDENTIFICATION: Heat 5

CHEMICAL COMPOSITION:

CARBON 0.025 HYDROGEN 0.00k
IPON 0.74 TIN 2.0
WITROGEN 0.013 COPPER 0.76
ALUMINUM 5.5 OXYGEN 0.17
VANADIUM 5.6
HEAT TREAT CONDITICW: Annealed - Anneal Temp.
1300F P/M 25P
D1t. 0.2 ¢
Vendor Tensile Yield
Test Tost Mattl, Nom. Spec. Strength| Strength
No, Temp, | Cond, | Gage J Direct.i Kai Xal 2 Elong, |
J-0415 | Room Annealed] 0.310 L 159.8 154, 7
T 163.1 158.1

S e

- 31 -
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2.2.4 (continued)

MATERIAL: T4-6A1-6V-2Sn

VENDOR HEAT NUMEER: BT G-393 (TMCA)

NR/LAD IDENTIFICATION: Heat 1

Catiny
amay 0 :;.w,q\,f\‘@f\' ST ﬁ;{rm oy

ﬁ ‘ CHEMICAL COMPOSITION:

‘ CARBOX 0.022 HYDROGEN 0.004
E

IRON 0.75 TIN 1.9
3

- NITROGEN 0.009 COPFER 0.6k
ALUMINUM 5.5 OXYGEN 0.12
VANADIUM 5.3

HEAT TREAT CONDITION: Annealed - Anneal Temp.
13007 P/M 257

L T T,

o e

CAETRERE T e PET

Ult. 0.2 %
Vendor Tensile Yield
Test Test Mat'l, Nom. Spec. Strength}] Strength

J-0416 Room Annealed] 0.630 L 155.6 150.0 18.0

T Ty
B e R e P L

T 155.4 151.4 16.5

Hoo 1 Zemp. {Cond. | Gage | Dirsgt.)  Ksi Kal | ¥ Rlong, | Area
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2.2.4 (continued)

MATERIAL:

VENDOR HEAT NUMBER:

T4 -H6A1-6V-28n

HT G-2443 (TMCA)

NR/LAD IDENTIPICATION: Heat 2
CHEMICAL COMPCSITION:
CARBON 0.023 HYDROGEN 0.00k4
IRON 0.67 TIN 2.1
NITROGEN 0.013 COPPER 0.66
ALUMINUM 5.3 OXYGEN 0.16
VANADIUM 5.7
HEAT TREAT CONDITION: ainnealed <~ Anneal Temp.
1300F P/% 257
{ Ult. 0.2¢
Vendor Tensile Yield
Teat Test Mat'l, Nom, Spec. Strength}] Strength
[ No, .| Temp, JCond. | Cage JDirect.} Ksi 1 Kai 1 ZZElong, |
J-0k20 Room Annealed] 0.610 L 59.6 156.9 16.0
T 162.0 18.0

158.4
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2.2.4 (continued) -
MATERIAL: T1. 6A1-6V-23Sn
VIADOR HEAT NUMBER: BT C-197L  (TMCA)
NR/LAD IDENTIFICATION: Heat 3
CRVAICAL COMPOSITION:
CARBON 0.023 HYCROCER  0.006
IRON 0.68 TN 2.1
NITROGEN 0.012 COPPER C.70
ALUMINUM 5.3 OXYGEN 0.17
VANADIUM 5.k
HEAT TREAT CONDITION: Annesled - Anneal Temp.
1300F P/M 25 )
D1t. 0.2 % .
Vendor Tensile Yield
Test Test Mat'l, Nom. Spec. Strengthi Strsngth
(Noo | Tsmp. { Cond, { Gage §Direct.l . Lol el [ £ Elopg,
g-117 Roon fAnnealed | 0.610 L 151.0 158.2 17.0
T 162.4 157.L 17.0

- 34 -
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2.2.4 {continued)

TTITY TSI

MATERIAL: T4-6A1..6V-25n
VENDOR HEAT NUMBER: HT G-2504
NR/LAD IDENTIFICATION: Heat &4
CREMICAL COMPOSITION:
CARBON 0.023 HYDROGEN 0.004
TRON 0.66 TIN 2.1
NITROGEN 0.011 COPPER 0.66
ALUMINUM 5.6 OXYGEN 0.16
VANADIUM 5.4
HEAT TREAT CONDITION: Annesled - Annea) Tewp.
1300F P/M 25F
Ult, 0.2 %
- Vendor Tensile Yield
Test Test Mat'l, Nom, Spec. Strength|] Strength
No, | Temp. 1 Cond. 1 Gage | Dirsct.l  Kai Xal 1 % Elong. |
J-0418 Room Annealed] 0.610 L 162.1 158.9 16.5
T 161.1 160.1 19.5

- 35 -




2,2.k  (continued)

MATERIAL: T4-6A1-6V~25n
VENDOR HEAT NUMBER: HT G-3106 (TMCA)
NR/LAD IDENTIFICATION: Heat 5

CHEMICAL COMPOSITION:

CARBON 0.016 HYDRGGEN G.005
IRON 0.77 TIN 2.0
NITROGEN 0.019 COPFER  0.59
ALUMINUM 5.6 OXYGEN .15
VANADIUM 5.8

HEAT TREAT CONDITION: Annesled -~ Anneal Temp.

1300F P/M 257
Ult. 0.2¢
Vendor Tensile Yield
Test Test Mat'l, Kom. Spec. Strength} Strength
LNo, Iamp, | Cond, 1 Gage Kai Xal £ Elong, |
J-0h19 Room [Annealed | 0.615 L 159.0 155.6 17.0
T 158.8 156.3 18.0

- 36 -




Mitis S b bl ik

2.2.4  (countimed)
MATERTAL: T4- 6A1-6V-231L
VENDOR HEAT NUMBER: HT G-3023  (7Mca)
NR/LAD IDENTIFICATION: Heat 1
CHMICAL COMPOSITION:
CARBON 0.023 HYDROGEN 0.004
IRON 0.67 TIN 2.0
NITROGEN 0.012 COPPER 0.63
ALUMINUM 5.5 OXYGEN 0.15
VANADIUK 5.6
HEAT TREAT CONDITION: Anneealed - Annasl Temp.
13COF P/ 5P
mit. 0.2¢%
Vendor Tensile Yisld
Test Mat'i. Nom, Spec. Strength] Strength
J-0430 Annealed § 1.570 L 155.9 145.5 20.0
T 155.k 145.3 18.5
- 37 -
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2.2.4 (continued)
MATERIAL: T1-6A1-6V-25n
VENDOR HEAT NUMBER: HT G-321h
NR/LAD IDENTIFICATION: Heat 2
CHEMICAL COMPOSITION:
CARBON 0.023 HYDROREN  0.00k4
IRON 0.69 TIN 2.0
KITROGEN 0.011 COPPER 0.65
ALUMINUM 5.4 OXYGEN 0.17
VANADIUM 5.5
HEAT TREAT CONDITION: Aunealed - Anneal Temp.
1300F P/M 257
Ult. 0.2¢%
Vendor Tensile Yield
Test Test Mat'l, Nom, Spac. Strength] Strength
o, | Temp. § Cond,. .} Gege J§ Direct.) Kol ~Kal 1 £ Zlong,
J-0428 Room Annealed] 1.510 L 155.h4 149.4 18.0
T 156.0 149:8 17.5

-38-




E! - T TTTT T TR R E T T AT T Tttt oo T S R i R T A A B cu tab s S 2P 3 st T R AL P e R

g» — N
;
] 2.2, (continued)
MATERIAL: T4.6A1-6V-2Sn
VENDOR HEAT NOMBER: BT  G-2070
NR/LAD IDENTIFICATION: Reat 3 s
b
- CHEMICAL COMPOSITION:
B
: CARBON 0.023 HYDROGEN  0.007
IRON 0.73 1IN 2.0
NITROGEN 0.009 COPFER 2.73
4 ALUMINUM 5-6 OXYGEN 0.15
VANADIUM 5.6
A HEAT TREAT CONDITION: Annealed - Annesl Temp.
2 1300 P/ 25F
Tt. 0.2 %
i Verdor Tensile Yield
Test Test Mat'l. Nom. Spec. Strength] Strength
J-0427 Room Annealed] 1.5T70 L 155.4 149.2 19.0
f P 161.5 151.8 18.5
»
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2.2.4 (contimued)

s

MATERIAL: T4- 6A1-6V-25n
VENDOR KEAT NUMBER: HT G-1971  (TMCA)

o BB

PR

NR/LAD IDEXPIFICKTION: Heat L

CHEMICAL COMPOSITION:

RV P2 X A T A

CARBON 0.023 HYDROGEN 0.00L
IRON 0.68 TIN 2.1

; NITROGEN 0.012 COPPER  0.70

AUMINM 5.3 ONYGEN .17

VANADIZM 5.4

g RIAT TREAT CONDITION: Annesled - Anneal Temp.

: 1300F P/M 25¢

Tit. 0.0 %

: Vendor Tensile Yield -
Test Test Mat'i, Nom., Spec. Strength|] Strength

[ Hoo | Zamp. J Cond. | Gage 3 Direct.)  Ked Xal L Elong,

i J-0k351 Room Annealed] 1.50 L 155.2 149.6 15.5

T 155.6 | 147.7 18.5
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2.2.4 {continued)
. MATERIAL: T4-6A1-6V-23n
VENDOR HEAT NUMBER: BT G-3024  (TMCA)
NR/LAD IDENTIFICATION: Heat 5
CHEMICAL COMPOSITION:
CARBON 0.023 HYDROGEN  0.00k
IRON 0.69 TIN 2.0
NITROGEN 0.015 COPPER 0.62
ALUMINUM 5.6 OXYGEN 0.15
VANADIUM 5.6
HEAT TREAT CONDITION: Annealed - Anneal Temp.
1300F ?/M 25F
Uit. 0.2 ¢
- Vendor Tensile Yield
Tast Tast Mat'l, Nom. Spesc. Strength] Strength
J-0429 | Room JAnnealed| 1.60 L 156.4 151.0 17.5
? 160.1 153.L 18.5

- 41 -
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2.3 THERMAl, PROCESSIKG OF MATERIALS

All test materials with the exception of the Ti-6A1-6V-2Sn condition STA,

had all the required thermal processing done by the mill prior to receival
by NR/LAD. The Ti-6A1-6V-2Sn material which was received in the annealed

condition was heat treated to the STA condition by RR/LAD. The thermal

processing of all test material beth at the mill or at NR/IAD conformed
to the requirements of MIL-H-81200.

PR Tt N R S

2.4 MICRCSTRUCTURAL EXAMINATION OF TEST MATERIALS

o L e

A microstructural examination of sll test material was performed by NR/LAD.
The photomicrographs in conjunction with a brief analysis of the structures

observed and their relationship to the resulting mechanical properties are
presented in the following section.

2.4k.1 Ti-hAl-3Mo-lYl_gond. A: Photomicrograpns typical of microstructures of
six heats of Ti-4A1-3Mo-1V, Cond. A, program steet material ranging in gages
from 0.034" to 0.110" are shown in Figures 2-1 through 2-3. NR heat numbers
1 throuch 5 depict uniform, equi-axed microstructures consisting of islands
of primary a’-ha phase surrounded by a matrix of transformed and retained
beta. MR heut #3 shows some slight banding of the alpha phase which is nct
expected to have any umusual effect in terms of mechanicel properties. NR
heat #6, Figure 2-3 supplied by 2 different producer, exhibits a finer,
more directional grain structure indicating the probability of a lower final -
rolling temperature in this instance. This particular photomicrograph dis-
plays a very faint trace of a prior beta grain boundary suggesting total
rolling reduction may have been less than desired: however, mecharical
properties tests indicate comparable mechanical properties with tensile B
ductility at room temperature perhaps slightly better than the other heats
of Ti-4Al-3Mo-1V. In general, the microstructures of all six heats are
quite uniform, the above mentioned differences being subtle, &nd; as would

< be expected, mechanical properties tests substantiaste this microstructural
: uniformity.

M b Vo ek
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FIG. 21

™ bA1-3Mo-1V Cond A

Heat G 1596 Nom Gage 0.034" IR Hest #1

RSN SR s e,
o S LR R VGIR A W e ~~Qg@ i BB

AR R e
; ,“”f&g{‘ S LAY

{7

N e
P o 53
; -‘\3“‘!:: 3 '}( X & bl
R ?:?* o
, : 5L Lagr :
N7y AR L W e e e
TR T W e e S ORI N

Hest G 895 Nom Gege 0.055" MR Heat #2
500X

43

> ————




"Wu‘.ﬁ. [T I5 TR bt BESEILE TS <or 3

FI1G. 2-2

Cond A

T4 LA1-3Mo-1V

&«ﬁ

) Nmy.é “s n

‘.%..&,v

-l

\ vran.a -

A ﬂh.

g
-

¥
g

.%{..4 Q. P

@%,

M&M\ .! ?\

o u.ﬁ.« e g ,...

L..

et DL A sl I

Heat G 2u46 Nom Gage 0.063"

MR Heat #3

NR Heat #4

Jest G 1523 Nom Gage 0.051"

500X

44




” N
: I
w .
, {
, | |
¢ 1
i
_ |
Lﬂl‘.u & A ey " —— ™
= n N A 1l 5 ; R !
_i;& m»ﬁ\\,.;a&!d - ¥ ﬂ,... Hm‘f Rl T t?,a.ﬁwuﬁ« .,. - ? .@z \..m ”
.. f o —S .’. N R ot T Rink. . ‘ |
Xereton il - e i. %ﬁ. |
.. L. R e g 0 :
AN L M?w«ﬁ».iﬁ.“k#.nnf.%mﬁ.&g S~ .1, ....w 3 L - ,
R T SRR o ¢ R R e s By Lt i
) Wlxxmmmﬂ..fmwle{.d.r?.. J:meynommquaﬁiwmw.fﬁﬁmvﬁw ().J...R .“ 1( .ywm ‘g & |
< . .\.,,.. ?.uz Tre 2 } K
> L S ﬁu s & |
b ‘-x
Q
£
- Q
A R ;
. m AT 3LV o o x
)
o~ (53] ¢ m W <
' $ -
O s L] mv
w = M
s : o
|
- N . o
m % i i 1
-t o ,
() 18]
vu .-}
B St A R s A T !
]
I
|

M et e tiad e . -




I T BB BRI b e bt oot A 2 A i 5 Ao - T
= > e e e A T T LRI Lo L Skt
oy

-
2
2

24.21i-13V-11Cr-3A1, Cond. A (ST): Typical microstructures from five heats of
alloy Ti-13V-11Cr-3A1 sheet in the annesled or solution treated condition
are shown in Figures2-4 through?-6. The photamicrcegraphs depict structures
considered normal for the material svd illustrate the essentially single-
phase, beta microstructare characteristic of the alloy as solution treated.
Microstructural variations among the five heats are slight, NR heat numbers
3 and 5 exhibiting samewhat smaller grain size thsa the others. Mechanical
properties of the heats are uniform and similar w'th NR heat numbers 3 and 5
tending to exhibit properties slightly higher than the aversge. °This is not
considered extremely significant since KR heat # with comparat” vely large
grair size also exhibits higher than the average properties. A4gain, micro-
structural and properties variations are subtle.
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T4 13V=-11lCr-3A1 Cond A or ST
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) 3 243Ti-6A1-4V, Cond, STA: Microstructures representing eight heats of T:i-6A1-14V,
T M. Cond. STA plate are shown in Figures 2-7 through2-10. In contrast to the other

3 3 procgrsm materials, a wid« variation in microstructures from heat to heat was
obtained and considerabtle variation in mechanical properties as a function of
gage, supplier, reat, and testing direction also noted.

i

e aaen

3 - With respect to the rnoninal 0.250-inch gage material, three different micro-

; structures wers ob'a:ued from the three heats of material represented. The
first, G496, #izu-e2-7 shows a transus-type structure, i.e., free from
primary a:prha ultn acicular alpha, and possible alpha prime, resulting from
quenching from high in the alpha-beta field. Some banding is a’so noted and
mechanical properties are considered satisfactory for heat-treated material,
The second, heat G4796, represents material though stated to be heat treated
is, to the contrary, believed to be annealed, It is suggested the material
was thoroughly worked during rolling at relatively low final :clling tempera-
; 4 tures resulting in a mixture of equiaxed alpha and intergranular beta. It
S . mighl be argued that the photomicrograph represents material quei:hed from

4 low in the alpha-bela phase, approximately 1500°F or lower; howeve-, proper-
ties obtained show a spread beiween ultimate and yield strength muck more
indicative of annealed material than that associated with gquenched an’ aged
retained beta. In addition, the level of mechanical properties obtained
would be quite low for material at 0.15% oxygen, solution treated at 1700°F
i and »7ed at 1000°F, The third, heat X53788, represents material finished
fror. above the beta transus temperature and quenched from high in the alpha
beta field. The microstructure is uniform, fine-grained and exhibits gc.d
strengih, lower iensile duetility, and relatively good fracture toughness
associated with such structures.

AL R AT At NS P VTR B Y

PRSP,

P W e

? ; Material in the nomiral 0,500-inch gage again displays a variation in micro-

. structure. Heats G6539 and 57278, are similar and more nearly typify struc-

3 : tures normally associated with heat treated and aged thin-sectioned Ti-6A1-LV
produzts. Both show a mixture of primary alpha plus aged alpha prime with

the latter heat showing some gross rolling deformation. Froperies too reflect
typical strenpgth levels and tensile ductilities for such material in both

F cases, che latter indicating greater anisotropy, as mizht be expected. Material
3 from heat 302634, Figure2-9 agein illustrates material finish rclled from above
' the beta transus, quenched from high in the alpha-beta field and aged. Micro-
structure is similar to that of 0.250-inch gage heat Z53788 with somewhat higher
strength, prcbably dve to higher oxygen contexut.

In the nominal 1.00-inch plate gage somewhat different. microstructures were obtained
] ; for the itwo heats of material displayed, Figure2-10, representins somewhatl

T different working histories. Both display material rolled and heat treated

S ag in the alpha-beta field; however, with prorerties expected ol material so

g processed,
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244 Ti-6A1-6V-25n, Cond. A and STA: Typicel microstructures of 14 heats of alloy

Ti-6A1-5V-25n plate both amnealed and fully heat treated are shown in Figures
2-11through2-25. Photomicrographs for annealed plate of the naminal 0.250 inch
gage (0.310 te 0.340-inch), Figures2-11through2-13depict thoroughly worked
microstructures of primary alpha phase in a retained beta phase matrix.

Phase delineatior is not distinct in any of the five, the microstructures all
showing evidence of considerable grain deformation fram working at low, final
rolling temperatures, and of course fine grain size. Variatioas among the
five heats are extremely small metsllographically and, as ~xpected, proper-
ties are also wniformly high.

As gages are increased, variatior in rolling practice beccmes evident. The
five heats of the nominal 0.500-inch gage {0.610 to 0.630-inch) plate shown
in Figures2-14throughZl16, both annealed and heat treated, continue to
il1lustrate a fine-grained, thorcughly-worked microstructure. Paase demarka-
tion is somewhat greater; however, even in the annealed material suggesting
higher finish rolling temperatures. This is a matter of smail degree,
nevertheless, since annealed properties remain gquite high for the annealed
0.500-inch material in camparison to the 0.250-inch. The effects of heat
treatment to Cond. STA are quite clearly illustrated showing an increase in
the beta phase at the expense of alpha due to quenching from high in the
alphe-beta field.

With increase in gege of plate to 1.50-inch nominal gage (1.50 tc 1.60-inch),
the higher finish rolling temperature required becames evident, particularly
in the micrcstructures of annesled material, Figures2-17through2-12 The
alpha phase is seen to be present, in &l11 five heats, in the form of moder-
ately coarse platelet form, fairly well distributed throughout the micro-
structure with little evidence of prior beta grain boundaries. Properties
are correspondingly lower than the annealed thianer gage meterial, as would
be expected. Again uniformity of properties among the five heats is evident
both annealed and heat treated, in spite of the loczlized aberations noted
in two of the microstructures of Cond. STA material. Same rather pronownced
coarseness of the primary alpha plates with the stion of prior beta
gra’a boundary aipha formation is seen in KR heat #8, Figure2-24, and in
contrast, a locelized enrichment of beta phkase material is evident in the
microstructure of NR heat #0, M 225, due probably to chemical segrega-
tion of beta~stabilizer element( sﬁ the ingot. Neither of these corditions
appears to be general throughout the materiszl to the exvent that mechanical
properties test results show no effect.
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Mecbanical Properties Determined

2.5 The variocus mechsnical properties determined from each type of test performed
are as follows:

1. Tensile Tests - Sheet and Plate

(2) Ultimate Tensile Strengta

(b) 0.2% Offsst Tensile Yield Strength

(¢) Percent Elongation

(d) Percent Reduction of Area

(e) Precision Elastic Tension Modulus (Selectsd Sample )

2. Compression Tests - Sheet and Plate
(a) 0.2% Offset Comprsssion Yield Strength

3. Bearing Tests - Sheet and Plate i
e/D = 1.5 and ¢/D = 2.0 .

(a) Ultimate Bearing Strength
(b) 2% Offset Bearing Yield Strength

i, Shesr Tests - Sheet and Plate

(a) Ultimate Shear Strength
S. Fracture Toughness Tests - Plate

(a) Plane Strain Fracture Toughness Value (Kiec)
6. Thermal Stability Tests ~ Shest and Plate

{2) TUltimate Tensile Strength, 0.2% Offset Yield Strength,
% Elongation, ¥ Reduction in Area for test specimens at
room temperature and elevated tempsrature after exposure
to elevated temperature for prolonged periods of time.

7. Fatigue Tests - Shest and Plate

{a) Stress varsus number of cycles to failurs, as a funetion
of specimen gecmetry (smooth and notched) as well as stress-~
ratlo,

2.6 Iest Copditions *

Room and elevated temperature, tension, compression. bearing, and shear mechenicsal
property tests for the iongitudinal and transverse direction as well as limited
4est in the short iransverse direction for the four materials were psrformed in
an air atmosphere. The rangs of elevated test tempsratures included LOOF, 60CF,
and 800F. The thermal stability tests which determined the effects of exposure
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in air temperatures of LOOF, 600F, and 8COF for times of 10, 100, and 100C

nours, were complied from teats at exposure temperature and at room temperuture
after exposure.

Fracture toughnass test data were obtsin:d at room iemperature in air. In
addition; Tracture {uughness tests were made on specimens at room temperature
which had been oxposed at 4OOF, 600F, and 8OOF for periods of 10, 100, and
1IG hovrs.

Axial {Tatigue tests were performed on three of the materials in the longitudinal
direciion using smooth test specimen configurations (Kt = 1.0) and notched test
specimen configurstions (K¢ = 3.0). The tests were run at room temperature at
stress raticny of R = 1.0, <0.3; 0 and 40.3 where:

- Minimum Stress
" ®  Maximum Stress

Test conditions for the complete program are shown in Tables II-l ihrough 11l-€.
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Contained within this section are the;
codes, (2) test specimen sampling,
and (4) test specimen preparation procedures.

Test Specimer Identification Codes

Section III

TEST SPECIMENS

Test Specimen Sampling

L SR mememoes

(1) test specimen identification

(3) test specimen configurations

Test Specimen Configurations

Te

3t Specimea Preparation
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SECTION III
TEST SPECIMENS

3.1 SEECIMEN IDENTIFICATION CODES

A typleal test specimen identification would be 2s follows: TVIZLTR1. In
general, test spscimen code numbers will have the above form with each letter
or number having & specific meaning as indicated below:

The letter "T" or "R"™ indicutes the producer which are Titanium Metals Corp.
and Reactive Metals, inuc.

The next lstter in the coding system iudicates the alloy:

A - Ti-6A1-4V (Cond. STA)

V - Ti-6A1-6V-25n (Cond. A and STA)
¢ - T4-13V-11Cr-35n (Cond. A or ST)
M - Ti-4A1-3Mo-1V (Cond. A)

The following number in the ecoding sequence identifies the heat number for
the particular alloy. There can be as many as 10 heats.

The next letter in the coding sequence relates to the gage of msterial being -
tested. In this regard these letters have been utilized in the following

manner:

X - Geges of Material < 0.250 In.
Y - Gages of Material < 0,630 In,
Z - Gages of Material =2 1,000 In.

The above applies to both sheet and plate stock gages with all sheet specimens
using the X designation,

The next letter indicates test specimen orientation in relation to the rolling
direction marked on the raw stock, The directions test specimens were
taken are as follows:

L - Longitudinal (parallel to the rolling direction)

T - Transverse (perpendicular to the rolling direction)

S - Short transverse (through the thickness of the heavy gsge plate)

1LE - Refers to bearing specimens only, with the test specimen being
taken on edge parallel to the direction of rolling

TE -~ Refers to bearing specimens only, with the test specimens being
taken on edge perpendiculer to the dirsction of rclling




The next letter refers to the type of test which is to be performed. The
following indicateas the types of tests:

T - Tension

C - Sompression

S = Shear
Bl - Bearing e/p = 1.5
B2 - Bearing e/p = 2.0

F -« Fracture Toughness .
V - Fatigua

W - Room Tempersture Stability

X - Elevatad Tewmperature Stability

Where a stability test 1s indicated, the type of stability test is identified,
i.e., {X) with the type of test specimen following, i.e., (T) tensile.

R PR I S R DT ot AU SN SRS IS BRI, MR RS AT SUNANTARAt I LA DLNE T itlgteni ) RiIRE

The next to last letter or number in the coding sequence refers to the test
temperature or the exposure temperature:

R - Room Temperature
4 - LooF
6 - 600F
& - BOOF

The last number in the sequence raflects individual specimen replication
({.e., ), 2 and 3).

[ R N N N IR Th bt Y ORTY T T

AT

Miscellaneous notations and exceptions to the coding system: The last number
in the coding sequence of the thermal stability test specimen refers to the
exposure time rather than specimen replication. In this regard:

1 - 1C hours exposure

2 = 100 hours exposure

3 = 1000 hours exposure

An exemple of the ccding system is shown in the diagram below:

TV i12zZTTE®E6
L1 ) L Specimen replication
Test temperature (600F)

Type of test (Tensile)

—p—5pecimen direction (Transverse)

+—-Gage of material tested ( 1.000 In.)

»-Heat of material tested (Heat 1)

s—Alloy tested (Ti-6A1-6V-2Sn)

—y- Producer (Titanium Metals Corp.)

- 81 -
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5 32 SPECIMEN SAMPLING

F b Due to the fact that most of the test material was received from the two

- i suppliers as bits and pieces, the layout of test coupons wss necessarily

3 g dicteted by the size of the piece of material. A typicel test specimen

= i layout for one of the sheet gage heats is shown in Figure3-1. As can be seen,
g removal of committed test coupons resulted in a minimum of surplus materisl,
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3.3SPECIMEN CONFIGURATION

Typical test specimen configurations used on this program are shown in
Figures3-2 through3-12. The configurations selected vere tailored

to material sizes available. The use of sub size specimens were avoided
with the exception of those test specimens taken in the short transverse
direction (through the thickness) of the heavy gage plate stozk and the

round bar fatigue tests. All test spscimens conform, where applicable,
to ASTM Standards.
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a 2.00 NOTES:

e | 1. Coupons are nominally 0.25 in.
- thick. In order to meet the
J t specimen thickness callout

an equal amount of material
shall be removed from both
surfaces of the coupon

3d .00

0.500 B

0.230 % 001 (see Note 1)

Specimen Thickness

movmmn 2 —_ “G.CC

!
X
SR

o
1]

050 Pin Hole Diameter

8.00

Clearance drill and
ream for 0.625 Dia.
Pin 2 holes as shown

,.
L
z

/ y_ = < 0.75%
Q
t v LM >3
2< W/B<I12
0.20< ao/M < 0.40

Lo oot
e o os

Y2
P W
2
a=a, + Kic In A1l Cases
. BT 0y2

Figure 2 Recommanded Singie-Edge-Notch Tensile Specimen Geometry
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B B 3.4SPECIMEN PREPARATION
‘«—:z Every sffort was made to insure that the varistions in test results would
e | be Gue tc msterial propartiec, by wequiring and Loldirg close test specimen
i machining tolerances. The conditions for machining were carefully chosen
- to provide a minimua of distortion and surfsce defects which might influence
. the resulting test deta, Additionally, care was exercised to insure that
| the material was not overheated during any of the cutting or mechining operations.
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Section IV

TEST EQUIPMENT

in this ‘nvestigation,

Static Tests

Fatigue Test:
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SECTION IV

TEST EQUIPMENT

_ 41 STATIC TESTS
- 411 Loading Apparatus

The loading apparatus used in the performance of tension, compression, bearing,
shear, fracture toughress, and stability tests, are as follows:

Cne Instron Univeral Testing Machine - 10,000 capacity

One Instron Univ-+—sal Testing Machine - 20,000 capacity

Cne Bsldwin-Lima~Hamilton Universal Testing Mschine - 50,000
capacity

One Baldwin-Lims~Hamilton Universel Testing Mechine ~ 120,000
cpacity

One Rirhle Universal Testing Machine -~ 120,000 capabity

A1l of the sbove mentioned machines are equivped with strein-rate pacers
and autographic recorders.

: 412 Extensometers

Weideman Dusl Range Extensometer, Model TSMD
Weideman Dual Renge Extensometer, Model KSMD
Weideman Avsraging Type Extensometer, Model PS-SM
Weideman Averaging Type Extensometer, Model PS-3MH
Instron Strain Gage Extensometer, Model G-C1-12
Instron Strain Gage Extensometer, Model G-51~-11
Baldwin Strain Beams, Model SB1E

Aminco-Tuckerman Opticsl Strein Gage System

With the exception of ths Tuckerman optical strain gage system, the above
1isted extensometers and strain gege extensometers were used with sutographic
recording equipment which are built in t{c the various Universal testing
racinines to metsure load versus deformation.

41.3 Furneces

The furraces used for achieving the static elevated test temperatures are
as follews:

(1}

(3)

—~
=
~

Pucific Scientific Forced Air Furnace - 1L4OOF capability
Aureywell-Brown "Electronik" recorder controller

Hevi~-Duty Split Tube Radiant Furnace - 200CF capability
Wheeleco pyrometer controllers

Messimers Circulating Air Chamber - 1000F capability
Brown proportionsl controiler

NR/LAD biilt 3plit Tube Redient Furnaces - 2000F capability
wWheeleco pryrometar controllers

- 98 -
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The furnaces used for thermel stability exposure work were:

(1) Pecific Scientific Forced Air Furnsces - 1L4GOF capabiiity
Honeywell-brown Pry-O-Vane controllers

(2) Arcweld Radiant Tube "Dial-0U-Matic" Furnace - 2000F capability
Honeywell=-Brown controllers

The furnaces used foi* heat treating the Ti-6A1-6V-2Sr materiel to Cond. STA
are as follows:

(1) Hevi-Duty Radiant Furnace -~ 2100F capubility
Leeds and Northrup controllers

(2) Pscific Scientific Forced Air Furnsces - 140OF capability
Honeywell-Brown controllers

4.2FATIGUE TESTS
The fatigue test mschines used to construct the Goodman Diagrame included:

(1) Amsler Vibraphone Fatigue Machine - 22,000 Lb. capacity,
60 - 300 CPS

{2) 5uldwin-Sonntag Fatigue Machine - 10,000 Lb. cepscity (hes a
. €:]1 load multiplier 50,000 Lb.),
30 CPS

(3) Krouse Direct Stress Fatigue Machine ~ 50(0Lb. capacity (has a
2.1 load multiplier, 10,000 Lb.)

NOTE: The fracture toughness tests were pra-cracked using the above listed
Krcuse Direct Stress Fatigue Machine

S v
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Section V

TEST PROCEDURES

Contained within this section are the procedures utilized for the various
mechanical ..operty tests performed in this investigation
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5.1

SECTION V

TEST PROCEDURES
TENSILE TESTS

Tensile tests on the subject program were performed using a Riehle, Baldwin-
Lima-Hamilton, and Instron Universal test machines which are fully equipped
with autcgraphic recorders and automatic s*rain pacers. These machines are

calibrated at least once each year to the appropriate AST™ Staundard to ensure
loading accuracy.

Tensile specimens tested at the indicated elevated temperatures w~re heated
by means of a Pacific Scientific forced air furnace that has a capability
of 1400F and tube radiant-type furnaces that have a temperatiure capability

of 200F. All furnaces are capable of maintaining * S5F over a 2-inch gage
length.

Specimen temperature measurements were maée by means of 20 A.W,.G diameter
chromel-alumel thermocouples attached to the center of the test specimen
and calibrated potenticmeters for obtaining emf readings.

L1] peasurements of individuel specimens for area determinations were made
using a calibrated micrometer capable of measuring * 0.0001 inch of the
nominal specimen dimension. A minimum of five width end thickness measure-
ments were taken over tile individual specimens' gage length for the
cross-sectional area determinaticn.

Determination of the tensile yield strength and the elastic modulus of each
individuael specimen tested were performed by attaching & Baldwin-Lima-Hamilton
or an Instron strain gage extensometer to the gage length of the test ~pecimen.

An automatic strain pacer was used to mopitor the induced strain to the
tensile yield strength. A strain rate of 0.005 in./in./min. was maintained
up to the yield strength. After ylelding occurred, the loading rate was
increased sc as to produce faillure of the specimen in approximately one
minute.

in addition to the autographically recorded load-elongation graphs, # limited
number of stress-strain plots were made, using Tuckerman ouptical strain

gages. This instrument conforms to ASTM E83-57T, Class A, requirements which
1imit the maximum error of indicated strasin to C.00001 or 10 times as limiting
as the requirements specified for Class B-1 extensometers. Dats generated
using this instrument serves as a btase line for compering subsequent test

éata obtained using the conventional sutogrsphic extensometers.

Typical full renge stress-strain curves for each of the materials tested
in conjunction with the precision elastic modulus obtained for the various
materials are reported in Secticn VII of this report.

Typical room temperature and elevated temperature tensile setups are shown
in Figures 5~1 and 5-2, respectively.

- 101 -
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5.2 COMFRESSION TESTS

Compression testing of the four materials was accomplished by employing

a compression subpress in conjunction with 2 Universal-type testing machine,

One of the compression subpresses used was designed end built at NR/LAD, and
employs a rigid frame containing a lower carbide logding anvil which is parsllel
to the bed of the testing mschine. Within the frame, a sliding plunger is
contained which accommodates the upper carbide loading anvil. The plunger

is rigidly aligned within the support frame by the use of low-friction grzphite

plugs.

Specimen side support is provided by 2 plate assembly made up of small car-
bide balls backed up by a carbide plate with the ballis protruding through

a front retaining plate in which the holes for the balls are lsrgs enough
to aliow rotatior and translation of each ball while, at the same time, re-
taining the bsll within the plate. This method ¢f support provides nearly
frictionless eontact even st high temperatures.

A special fixture is used to meke gage mark indentations on each side of the
specimen into which the herdened points of the extenscmeter srme fit, The
extensometer arms pass through an access hole in the bottom of the subpress
frame and, in turn, are connected to & common linesl differential trensducer
located in sn ambient temperature zone. The extensometer systam used meets
ASTM Standard E83-577, Class B-1, requirements.

The NR/LAD built compression subpress hes proven to yield exceptionally
reliable and highly reproducible compressive yield strengths as well as
elasiic moduli on a variety of materials tested in it from room temperature
to 1500F. WMaterials with known moduli have been tested and the results ob-
tained from the subpress agree remsrkably well with the known values. The
reproducitility of the subpress has been demonstrated time and agsin or large
NR test progrems where replication of test effort has beszn necessary.

Elevated temperature compression tesiing is provided for by a speclslly
consiructed resistance wound furnace, which is designed so tnat the ~lemenls
ere in close proximity to the subpress becdy. Temperature uniformity is
measured by three thermocouples inserted in the side support plates adjeceant
to the specimen. The test machine employed)temperaturs w~2esurement and
specimen meesurement techniques as well as 8irain pacing paralleling those
described for the tensile. All compression tests were condu:ted in accorderce
with ASTM E 200-63T. Figure 5-3 shows the NR/LAD built compression subpress.
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) 5.3BEARING TESTS ;

Bearing tests on the program were performed using a Universal--type testing

machine snd a bearing fixture. One of the fixtures used, Figure 5.4, accommo-

dstes the bearing test specimen and is basically an adjustable clevis that

ccntaing the loading pin as well as providing for appropriate deformation i
meesurements. ’ ;

[P

When the specimen is in place within the test fixture, the extension arms em-
3 ploying point contacts, locate on the sides of the beasring test specimen,
(”, ' When a load (tension) is epplied, the relative displacement occurring between
! 1 the pin, which is an integrsl part of the test fixture, and the pickup arms
located on the sides of the test specimen is trensferred to = 1ipear differentiel
transducer. The obtained signal is, in turn, fed into the test machine's
autographic recorder, providing the necessary load-deformation plots necessary
to obtain the 2 percent bearing yield strength.

bk b s 4 Stk AYE
-

The bearing fixture itself is made from Haynes 25 and contains carbide bush-
ings that accommodate the loading pin. The loading pins themselves are
fabricated from hot work die steels, heat-treated to the 280 - 300 Ksi renge
to resist brinelling during test.

Temperature measurements were made by attaching a thermocouple to the test
specimen in the area of the pin,

e . ’ Eleveted test temperatures were achieved using a tube furnace previously
p described in the Tensile Test section,

All bearing tests were performed in accordence with ASTM E O3U-E4T,

A

e 7

.
-
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54 SHEAR TESTS

Shesr tests on the subject program were accomplished using an NR/LAD-built
double shear subpress, shown in Figure5-5. A Universal-type testing machine
previously described provided the necessary loading requirements.

The shear subpress is basicelly a rigid frame containing the necessary load
bearing edges which are carbide, and provides the required lateral restraint
of the sheet shear specimen during test. Contained within the frame is a
plunger which, in turn, is placed within the frame. By applying a compressive
load, the subpress imparts a double-shear losd condition to the restrained
specimen., When the shear subpress is properly adjusted, the respective carbide
load bearing edges,contained within the plunger and freme, pass within 1/100
of an inch of each other during tests. It has been NR/LAD experience that
this subpress provides highly reproducible and reliable shear test data.

NR/LAD has tried a variety of sheer test specimens and fixtures in an effort
to obtain consistent and reliable shear property data. Methods tried and
discarded after proving unsatisfactory have included the conventionsl single-
shear tension sheet specimen as we well as fixtures which test specimens in
singl> shear. The double-shear subpress described has proved superior to

the various other methods explored so far as producing both reliable and
reproducible shear test data.

Elevated test temperatures were achieved using a specially constructed

resistance-wound furnace designed for use wlth the shear subpress., Tempera- .
ture measurements were made from a thermocouple which is inserted into the

subpress in very close proximity to the test specimen.

Since only ultimate ioad was determined, no deformation measurements were 3
made.

Specimen meesurement techniques parslleled those described for the tensile
tests,

The single-shear ultimate strength wos derived from the double shear loed
by merely taking half the failing load and dividing it by the cross-sectionsl
area of the specimen.

The shesr tests performed were in accordance with ARTC 13-5-1 deteil
requirements.

- 10k -
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55FRACTURE TOUGHNESS TEST.

56

!
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The fracture toughness test used to obtain plane strain (KIc) values for
the four titanium alloys employed the single-edge-notch tension-type speci-
men, Selection of this configuration was based on several considerations:
First, and most important, specimens conforming to this configuration yield
correct and consistent Ky, values, References 1 and 2 . Secondly, while
this configuration prcvided the necessary plane strain test data for the
program, it also hus *he advantage of substantial material economy.

Precracking of the ind.vidual test specimens to the desired predetermined
depth was accomplished using a fatigue machine. The total depth of the

sewed crack, plus that induced by fatigue (natural crack), will equal approxi-
mately one third of the specimen width, with the sawed crack depth being

2qual to or less than 0.75 of the total crack depth. Crack growth induced

by fatiguing was carefully monitored by means of a binocular microscope.

Ternsion testing of the precracked fracture toughness test speciiens was
performed using a Universal-type testing machine. Load deflection curves
were obtained for each specimen tested using a Class B-1 extensometer applied
to the edge of the specimen across the crack zone as a compliance gage. 4
cross-head speed of .05 In./Min. was used for the fracture toughness tests.
Upon completicn of testing, the load versus deflection plots vere analyzed
for "pop-in" load. Ky, values were then determined by means of the follow-
ing relationship:

2 a a\’ ay’
P 1 _ — —-'+H7(-) }

(o] ]-y B

where t

specimen thickness

crack length at "pop-in" (in)
specimen width (:n)

Poisson's ratic

«c T P W
nuonn

A11 of the fracture toughness testing was conducted at room temperature
and was 1limited to the 1/U-inch thick materials.

METALLURGICAL STABILITY TESTS

The effect of exposure to selected elevated temperatures for prolenged
periods of time was determined for the four selected alloys using tensile
and tracture toughness tests as the measuring criteria.

Tensile test specimens of the appropriate ccnfiguration were exposed to
elevated temperatures of 4OOF, 60OF, and 800F for time durations of 10, 100,
and 100C nours. After exposure, some of the test specimens were tested at
room temperature with the remaining being tested at the elevated temperatures
al which they were exposed.

[ R e -
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Fracture toughness test specimens were exposed at YOOF, 600F and 80OF for
10, 100, and 1000 hours, and tested at room temperature after elevated
temperature exposure,

Test equipment, fixtures and procedures for each type of test are describzad
in the preceding text.

FATIGUE TEST

Fatigue tests were performed on the subject program using the equipment
described in 3ection IV. All tests were at room temperature, employing
both smooth and notched (K¢ = 3.0) fatigue test specimen configurations.
Four minimum-to-maximum stress ratios (R factors) were used. These were
R =-1.0, R=-0.3, R=0 and R = +0.3, The stress levels were varied
within a group of specimens so that S-N curves could be constructed. From
the various 3-N curves generated for the four R factors for a given alloy
and Ki, constant life disgrams were then corstructed. A photograph of

one of the fatigue test machines employed in this investigation is shown
in Figure 5-6.
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Section VI

SiMMARY AND ANALYSIS OF TEST RESULTS

Conta.ned within this section are the statistical analysis procedures used
to obtain the "A" and "B" Design Allowables, in addition to summary tables
of the test results obtained in this investigation.

Page
3 Methods of 3tatistical Analysis - R.T. Design Allowvables 114 - 113
Discussion of R.T. Design Allowables 116
Dr.ta Presentation 116 - 115
Populaticns Used to Obtain Allowables 119 - 12k
Summary cf Room Tempereture “est Resuits 128 - 122
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6.1 MEIEODS Oi STATISTICAL ANALY. - R.T. DESIGN ALLOWABLES

o g

Pl oy

o

This analysis was accomplished in accordance with "MIL'HDBK«5 Guidli.ies
for the Presentation of Data", AFML TR-66-38 Battelle Memorial Inmstitute.

The mechanical propertiss presented here are identifled by a letter (i.e., A
or B} to indicate the basis upor which they were established. An "A" value is
the property.asbove which 99 percent of the population is expected to fail with
a confidence of 95 percent, A "B" value is the property above wvhich 90 per-
cent of the population is expected to fall with a confidence of 9% percent.

There are two methods of obtaining these values and they are:

1. Directly Calculasted Values - The directly calculated "A"™ values are ob-
tained fs follows:

"AM yalue = x - KSy

Where » = .éll&....

(n -1)

vhere X i= the average value of individual measurements, Sy standard deviation
of individusl measurements, n the number of individual measurements and K,

the one-sided tolerance factor for ncrmal distribution and specified prot-bility,
confidence, and population (i.e., for "A", ¥ = K, q9» .95 n)e

The "B* values are calculated as follows:

B’ value = x - KSy

Where K - K.90, .95, n°
The values of X were obtained from the table "One-Sided Tolerance Factors for
the Normal Distribution and a Confidence of .95", in Tables of Normal Pro-~
bability Functions in above referenced document.
An additionul requirement is that the population, n, must consist of at least
100 points from a minimum of ten different heats of material. Because of the

scarcity of available data, this requirement usually can be satisfied for
room temperature tensile ultimate and yield orly.




2. Derived Vclues -~ These valus: :ve established through their reletion-
ship to directly caslculated “A"™ ox “B" values of Fi, or Fi, as obtained in
the foregoing section. This method consists of pairing individual ultimate

strength values (i.e., F, , Fgus Fppmg! #ith individual tensile ultimate
strength velues, or indiv dua yieigus.rengtn velues (i.e., Fty: Fb ) with
individual tensile yield strength velues, determining the mesn ratin of
these pairs with s probsbility of 95 percent £nd multirlying the directily
calculated "A" or "B" values of Fy,, or F¢ by this “azctor., Derived values
are therefore equal to:

{z - t.oss;} Ftu (A or B)
or (r - t.OSSF) Fty (A or B)

vhere r=_2¢

S=- = Z(r - E\‘?
r n(r-1)

and t .05 is the two-sided tolerance factor for the "t" distribution, &
probability of 95 percent and the population, n, invclved. The velues of
t .05 were cbteined from a tatle in the referenced document. The derived
values of the mechanical properties have the same validity (A or B) as the
values of Fi, or Fy, used in equations (4) and (5). Ten pairs of measure-
ments (n = 10) are the minimum for establishing s derived allowable.

R) A CAL =

nA" basis for mechanical property values

"E" basis for mechanicel property values

One-gsided tolerance factor for the normal distritution and the
srezified probability, confidence and population

n The number of individual measurements or paired measuremants -
populatior.

Ratio of tuo paired measurements

ratio of twc paired measurements

Standard error of paired msasurement ratios

Standard deviation of individual measurements

Two-sided tolerance factor for the ?t%¥ distribution and the
specified probability and population

Value of an individusl measurement

The average value of individual measurements

The summation of

= b

"tgli’_;.‘l)"'ll"i

L BT
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6.3
6.3.1

DISCUSSICi OF R TEMPERATURE ALLOWABLES

The values of &ll the mechanical properties for the Ti-liAl-3Mo-.V Cond. A
sheet, Ti-HAl-4V Cond. STA plate, and Ti-6A1-6V-2Sn Cond. A and STA plsie :re
presented as "S" values. This was a result of insufficient quantities of
producers and users test data being supplied to NR/LAD during the solicita-
tion of data phase of the subject contrsct. It should be noted that NR/LAD
solicited the industry for test data appiicable for the alloy covered in

th~ scope of this contract. Much of the data obtainei as a result of
solicitation could nct be used because of it not being the proper gage

range, wr.oag condition, or inadequately identified to confidently be used.

The desired property values (1i.2., all properties except Fyy, Fty and 2)
for all alloys are limited because only five ratios were used to obtain
each value, while a minimum cf ten ratios is required by the MIL-HDBK-5
Guidelines.

The Fiy, Fgy and e values for the Ti-13V.11Cr-3Al1 sheet alley are valid "A"
ané "B" values to the extent that ~ufficient nmumber cf test data were avail-
able to establish valid statictical values; however, g1l test data reflect
one producer only. Additionally, rmich of the applicable data was obtained
in summary form which did not show the distribution. Therefore, a test for
normality could not be made,

Table VI-1 to VI-h indicate the populations and other pertinent information -
used in calculetzon of the sllowables.

DATA PRESENTATION

Effect of Temperature Curves

These curves are presented as Per Cent Strenyth at Room Temperature vs Test
Temperature. The procedure used to obtain these curves i as follows:

a. Plot the individual values for the property at each temperature.

b. Indicate the average value at each temperature.

C. Draw the curve passing through the average st roor temperature
and either the average or 5 percent above minimum value, which-

ever is lowest, at each elevated temperature.

e Obtain the ~urve value at each temperature as a percentsze of
the curve value at room temperature.

e. Plot the per cent values and fit the curve.

To obtain in a smooth curve in step (e), engineering judgement was used and
the curves do not necessarily pass througnh the stated values at each -
temperature.
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Effect of Exposure Curves

These curves are presented in "Per Cent Strength at Room Temperature vs
Exposure Temperature’; they show the effect on the properties of specimens
tested at room temperature after exposure to elevated ‘emperature. These
curves ere drawn using the same technique described above.

The working curves (steps (a); (b), and {c¢)) can be found in the Appendix.
Where aging has occurrr? and strength has increased with either temperature
or exposure time, as in the case of Ti{-13V-11Cr-3Al, a dashed line indicates
this phenomena. In accordance with the MIL-HDBK-S Guidelines, the working
curve is drawn so that strength is not shown to incresse with either temp-
erature or exposure time.

Stress~Strain Cvrves

The method used to obtain these curves is as follovs:

8. For each alloy and at each temperature, select several well
defined typical curves.

b. Measure the plastic strains at different percentages of the

yield strength and compute the average plastic strain at
each percentage.

c. Select the modulus values to be used: at room temperature
use the value obtained by precision modulus measurements
made in this program; at elevated temperatures obtain a
value from data contained in MII-HDBK-5, where available,
or from data generated in this program.

d. Use the average value for the yield strength at room temp-
erature; find the elevated temperature average yield
strengths using the appropriate "Effect of Temperature"
curve and the room temperature value.

e. Draw the straight line portion cf the curve using the seleccted
modulus; add the plastic strsin and the elastic strain at the
percentages of the yield strength chosen in step (b) to obtain
the remainder of the curve.

Constant Life Diagrams

The fatigue constant 1life diagrams presented in Section VII for the test
materials were constructed from the S-N curves contained within the Appendix.
Engineering judgement was exercised in the comstruction of cusctant 1life
diagram to smooth out some of the humps.
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6.3.5

6.3.6

Fracture nggggess Tests

The fracture tcughness test results are presented in Section VII
in tabulur form. As there is no standardized treatment of these
test data listed within the "Guidelines" for inclusion into
MIL-HDBK-5, pertinent detail test data is included along with the
computed fracture toughness values. No attempt was made to
summarize eitier the fatigue or fracture toughness test data.

Surmmasy of Room Temperature Test Results

A sumnary of room temperature test results for the various material: tested
are presented in Table VI-.5 to VI-9. 7he summary presents averaged test
values for the wvarious mechanical property tests performed with the
exception of the fatigue tests and plane strain fracture toughness tests.,
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6.4 POPULATIONS USED TO OBTAIN ALLOWABLES

Table VI - 1
Ti kAlféyo-lV Condition A
Material Form Values * Fere
and Property Direction { Obtained | Method { Peirs | Heats } Veudors J Specimens
Sheet
;tu L ] Direct 9 3 19
LT s Direct g 3 17
Fiy L S Direct 9 3 i9
LT S Direct 8 3 17
Fey L S Derived; 6 6 2 6
T S Derived} 6 6 2 6
Fsy L S Derived} 6 6 2 6
T 2 2 2
Fpry (e/D=1.5)] L s Derived | 6 6 2 6
T 2 2 2
e/D=2.0)}] L s Derived | 6 6 2 6
LT 2 2 2
Fpry (e/D=1.5)] L S Derived | 6 6 2 é
LT 2 2 2
e S Direct 9 3 36

** Direct "S" values were teken from MIL-T-90Ls.
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6.4 (continued) f
:
é
Table VI - 2

i
Ti 13V-11Cr-341 Condition A 1
Material Form "1 Values# i
ana Property Direction} Obtained }| Method |Pairsy Heats | Vendors | Specimens :
Sheet i
Fiy L A&B Direct Unknown 1 4385 :
LT A&B Direct Unknown 1 2929 ;
Fyy L A&B Direct Unkrown 1 4385
LT A&B Direct Unknown 1l 2929 H
Foy L A&B Derived | 4 L 1 4
LT A&B Derived ] 5 5 1 5 i

Fsu L A&B Derived | 5 5 1 5

LT 1 1 1

Foru (e/D=1.5) L A&B Derived ] 5 g 1 5

1T 1 1 1

(e/D-2.0) L A&B Derived 5 5 1 5

LT 1 1 1

Pory (e/D=1.5) L A&B Derived | 5 5 1 5

1T 1 1 1

(e/D=2.0) L A&B Doriveda ] 5 5 1 5

LT 1 1 1

’ ‘V &» P -
e L A Direct Unknown 1 2828
Iy A Direct Unknown 1 2062

* See 6.2 for discussion of the validity of these values.
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6.4 (cont'd)

. Table VI - 3
T4 6A1-4V Condition STA
Material Form Values ™y
and Property Direction] Obtained { Method Heats Vendors Specimens
Plate
.250 to .300
Ftu L 3 Direct 15 2 33
LT S Direct 13 2 29
Fy L S Direct 15 2 33
LT S Direct 13 2 29
Fey L 3 2 3
e 3 2 3
Fsu L 3 2 3
LT 2 2 3
i
Fpru (e/D=1.5) L : 3 2 3
LT 2 2 2
(e/p=2.0) L 3 2 3
- LT 2 2 2
Fbry (e/D=1.5) L 3 P 3
LT 2 2 2
(e/D=2.0) L 3 2 3
LT 2 2 2
e S Direct 15 2 62
Plate
.500 to .630
ftu L S Direct 20 2 35
T [ Direct 11 2 21
Fry L S Direct 20 2 35
T S Direct 11 2 21
Fey L 3 2 3
LT 3 2 3
Fou L 3 2 3
T 1 1 1
Foru (e/D=1.5) L 3 2 3
T 1 1 i

*% Direct "S" values were saken from MIL-T-9046.

- 121 -




Gi AR A LA

LU N s Thillad it L a4

d

i
H
&
£
: f
e L
e
i
2

t

o,

ORI e vy A

6.4 (cont'd)
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Table VI-3 (Cont'd)
Ti OA\-LV Condition STA
Meterial Fora Values v
and Property Direction | Obtained Method Heets Vendors Specimens
(e/D=2.0) L 3 2 3
LT 1l 1 1
Fory (e/D=1.5) i 3 2 3
T 1 1 1
(e/D=2.0) L 3 2 3
LT 1l 1 1
e ] Direct 20 2 56
Plate
+750 to 1.000
Ftu L S Direct 5 2 27
T S Direct 5 2 27
Fey L ] Direct 5 2 27
T S IHirect 5 2 27
Fey L 2 2 2
r 2 2 2
Fsu L 2 2 2
T 1 ). l
Fyru (e/D=1.5) L 2 2 2
T 1l 1 1
(e/D=2.0) L 2 2 2
iT 1 1 1
Fyry {e/D=1.5) L 2 2 2
1T 1 i 1
(e/p=2.0) L 2 2 2
T 1l 1 1
e ] Direct 5 2 sk
i
. Plate
1.200 to 1.500
b Feu L s Direct 9 2 16
1T 8 Direct 9 2 16
Fiy L s Direct 9 2 16
i ’ T S Direct 9 2 16
€ s Direct 9 2 32

*% Direct "S" values Were taken from _ 122 -

MIL-T-Q046.
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6.4 ({(contid)

Tablz VI - &~
T4 6A1-6V-2Sn Condition A
Materisl Form Values * 5
and Property Direction | Obtained | Method | Pairs Heats [Vendors { Specimens
Plate
.250 to .300
Feu L S Direct 7 1 15
T S Direct 7 1l 15
Fty L S Direct 7 1l 15
LT S Direct 7 1 1k
Fey L S Derived 5 5 1 5
LT S Derived 5 5 1l 5
Fsu L S Derived 5 5 1 5
TT 1 1 1
Fyru (e/D=1.5) L S Derived 5 5 1 5
T 1 1 1
(e/D=2.0) L 5 Derived 5 5 1 5
LT 1 1 1
Fyry (e/D=1.5) L S Derived | 5 5 1 5
LT 1l 1 1
(e/D=2.0) L S Derived 5 e 1 5
LT 1 1 1
e S Direct T 1l 30
Plate
.500 to .630
Fia L s Direct 6 1 12
LT s Direct 6 1 12
Foy L S Direct 6 1 12
LT s Direct 6 1 12
Foy L S Derived | 5 5 1 5
N T S Derived 5 5 1l 5
Fsu L S Derived 5 5 1 5
- LT 1 1 1

»

See 6.2 for discussion of the validity of these values
** Direct "S" values were taken from MIL-T-90L6.
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6.4 (cont'd)

=

Tavle VI - 4 (cont'd)

T4 6A1-6V-25n Condition A
Material Form Velues * e
ard Property Direction| Obtained | Method | Pairs| Heats| Vendors | Specimens
Plate
1.500 to .630 !
s
Fypry (e/D=1.5) L S Derived | 5 5 1 5
1T 1 1 i
i
(e/D=2.0) L s Derived 5 5 1 5
ir 1 1 1
Fory (e/D=1.5)| 1. s Derived | 5 5 1 5
g LT i 1 1 1
(e/D=2.0) : L s Derived i 5 5 1 5
\ ir 1 1 1
| !
e ' S Direct 6 1 24 f
Plate :
21.50 l
Fiu L S Direct 5 1 16
T 3 Direct 5 1l 10
i Fty L S Direct 5 1 10
| LT S Direct 5 i 10
Fcy L [ Derived 5 5 1 5
1T S Derived 5 5 1 5
Feu L S Derived 5 5 1 5
LT 1 1 1
Fymy (e/D=1.5) L S Derived | 5 5 1 5
1T 1 1 1
(e/D=2.0) L S Derived | &4 I 1 4
LT 1 1 1
Fpry (e/D=1.5) L S Derived | 5 5 1 5
LT 1 1 1
(e/D=2.0) L S Derived 5 5 1 5
1T 1 1 1
€ [ Direct 5 1 20

¥ Direct "S" values were taken from MIL-T-Q046

* See 6.2 for discussion of the validity of these values
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Table VI - 5
T4-6A1-6V-25n Condition STA
Material Form Values * )
and Property Direction | Obtained | Method | Pairs Heats Vendors Specimens
Plate
.500 to .630
Fiu L S Direct 5 1l 5
T S Direct 5 1 5
Fty
Fy L S Direct 5 1 5
LT S Direct 5 l 5
Foy L S Derived 5 5 1 5
ir S Derived 5 5 1 5
Fsu L 5 Derived 5 5 1 5
r 1 1l 1
Fpry (e/D=1.5)} L S Derived| § 5 1 5
T 1l 1l 1
(e/p=2.0) L ] Derived 5 5 1 5
LT 1l 1 1
Fpry (e/D=1.5)) L S Derived| 5 5 1 5
LT 1 1 1
(e/D=2.0)] L S Derived 5 5 i 5
LT 2 1 1
e S Direct 5 1 10
>1.50
Fiu L S Direct 1 5 1 5
LT 5 Direct 5 1l 5
Fiy L S Direct 5 1 5
T S Direct 5 1 5
Foy L S Derived| 5 5 1 5
LT S Derived 5 5 1 5
Fsu L ] Derived 5 5 1 5
LT 1 1l 1

* See 6.2 for discussion of the validity of these values.
#%  Direct "s" values were taken from MIL-T-90L6.

- 125 -




T e s e TR TIE ” B NI e - s — e B pp—

e o .

! Table VI - 5 (cont.nued)

T4 6A1-6V-2Sn Condition STA

3 Material Form Values ¥  **
and Property Direction | Obtained | Method |Pairs Heats Vendors Specimens

Fyry (e/D=1.5)| L s Derived | 5 5 1

1T 1 1 1

(e/D=2.0) L S Derived 5 5 1 5

LT 1 1 1

: Fory (e/D=1.5)] L S Derived | 5 5 1 5

. LT 1 1 1

(e/D=2.0) i S Derived 5 5 1 5

b, 1 1 1
; e S Direct 5 1 10

* See 6.2 for discussion of the validity of these values.

#*  Direct "S" values were taken from MIL-T-904S.
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Ti LAl-3Mo-1V

SUMMARY OF ROOM TEMPERATURE TEST RESULTS

Annealed Ccndition

Table VI-6

Property Thickness Direction No. of Tests Property Value #*
Tensile Ultimate L 6 131.1
Strength > .110
Tensile Yield L 6 124.2
Strength < .110
(KsI) LT 6 132.8
Compressive Yield L 6 127.6
Strength - .110
(¥s1) LT 6 136.3
Bearing Ultimate L 6 210.8
Strength (KSI) = .110
e/ = 1.5 LT 2 219.7
Bearing Ultimate L 6 277.3
Strength (KSI) - .110
e/D = 2.0 LT 2 283.9
Bearing Yield L 6 171.4
3trength (KSI) - .110
e/D = 1.5 LT 2 177.9
Bearing Yield L 6 202.9
Strength (K3I) -7 .110
e/D = 2.0 IT 2 218.6
Shesr Ultimate L ) 82.8
Streagth (KSI) < .1 LT 2 84.2
* Average value for more than 1 test.
- 127 -
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Table VI-7 -

SUMMARY OF ROOM TEMPERATURE TEST RESULTS

Ti 13V-1llCr-3A1 Annealed Condition

2roperty Thickness Direction No. of Tests Property Value *
Tensile Ultimate <.110 L 5 135.3
Strength
(ksI) LT 5 137.8
Tensile Yield £ .110 L 5 134.6
Strength
(rSI) LT 5 136.9
Compressive Yield L 4 132.3
3trength £.110
(XSI) LT 5 137.2
Bearing Ultimate L 5 221.5
Strength ({SI) $.110
e/D = 1.5 LT 1 224.0
Bearing Ultimate L 5 303.4
Strength (KSI) £ .110
e/D = 2.0 LT 1 311.0 .
Bearing Yield L 5 173.C
Strength (KSI) £.110
e/D = 35 LT 1 176.9
Bearing Yield L 5 192.0
Strength (KSI) £.130
e/D = 2.0 LT 1 205.0
Shear Ultimate L 5 96.é
Strength (XSI) X .110 LT 1 98.2

* Average value for more than 1 test.
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Table VI- 8

SUMMARY OF ROOM TEMPERATURE TEST RESULTS

a2

. x - oSt <
st DAL it Lo mediles IS

L

Ti 6AL. 4V STA Condition
Property Thickness Direction No. of Tests Property Value *
.250 to .300 L 3 ;Lgl.h
. LT 3 Tel
Tens;i.e Ultimate 550 <o 530 T 3 175.9
rength 8.2
(KSI) 1T 3 178.
L 2 152.9
2 1.00 T 2 159.0
ST 2 152.9
.250 to .300 L 3 149.7
Tensile Yield LT 3 155.5
Strength 500 to .630 L 3 161.7
(Ks1) LT 3 164.5
L 2 146.2
2 1.00 LT 2 151.b4
ST 2 145.0
- .250 to .300 L 3 Jsg.l
. " LT 3 176.5
O rronatr 7500 to .630 T 3 T71.6
L 2 156.6
21.00 iT 2 158.7
ST 2 153.2
.270 to .300 L 3 ig.g
LT 2 .
Befring Ultimate 500 T 530 ¥ 3 T
Strength ~
(KsT) LT 1 o27h .1
e/D = 1.5 L 2 250.9
>1.00 LT 1 267.3
LE 1 233.8
TE 1 224,0
.250 to .300 L 3 317.3
s LT 2 330.
Begz:.:ﬁ;iﬁmate .500 tc .630 L 3 339.2
(KSI) LT 1 331.2
e/D = 2.0 L e 315.7
2 1.00 LT 1 33k.3
LE 1 310.6
TE 1 299.4
.250 t0 .300 L 3 222.8
LT 2 232.9
Bearing Yield .500 to .630 L 3 240.2
Strength (KSI) LT 1 240.9
e/D = 1.5 L 2 215.9
2 1.00 T 1 217.8
1E 1 214.0
TE 1 207.7
*  Average value for more than 1 test. 129




Table VI 8

(cont'd)

SUMMARY OF ROOM TEMPERATURE TEST RESULTS

T4 6A1-4V STA Condition

Property Thickness Direction No. of Tests Property Value *
.250 to .300 L 3 256.0
Bearing Yield T 2 279.3
Strength T 500 to .5630 L 3 283.8
(xs1) LT 1 271.7 N
e/D = 2.0 L 2 251.1
LT 1 64,2
21.00 LE 1 265.8
L . TE 1 257.3
.250 to .300 L 3 98.7
r 2 105.4
Shear Ultimate .500 to .630 T 3 103.6
Strength LT 1 98.3
(Ks1) 2 1.00 L 2 95.2 '
LT 1 102.0 |

*  Aversge value for more than 1 test.
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Table VI -9

SUMMAKY OF ROOM TEMPERATURE TEST RESULTS

Annealed Condition

Property Thickress Directicn No. of Tests| Proper.y Value #*
.250 to .300 L 5 161.2
LT 5 171.2
Tensile Ultimate .500 t0 .630 T, 5 160.9
Strength T 5 163.5
(Ks1) L > 154.6
1.00 LT 5 154.1
ST 5 154.8
.250 O .300 L 5 155.5
' LT 5 166.6
Tensile Yield .500 to .530 L 5 156.3
Strength 1T 5 160.2
(Ks1) L 5 iL8.5
1.00 iy 5 9.1
sT 5 143.1
.250 to .300 L 5 162.6
LT 5 184.3
Compressive Yield 500 to .630 T 5 170.6
Strength LT 5 i73.2
(Ks1) T 5 161.5
1.00 IT 5 157.5
ST 5 153.6
.25 to .300 L 5 261.98
1T 1 274.6
Bearing Ultimate .500 to .630 L 5 275.5
Strength L 1 26k 4
(KsI) L 5 %5, 1
e/D = 1.5 1.00 iT 1 256,4
1E 1 24k .9
TE 1 212.9
.250 to .300 T 5 33C.9
LT 1 35%.3
.500 to .63C L 5 344.7
LT 1 392.9
Bearing Ultimate L L 337.6
Strength 1.00 LT 1 327.h
(xs1) 1E 1 317.4
e/D = 2,0 TE 1 20L.,5

* Average velue for more than 1 test.
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Table VI. 9(cont'd)

SUMMARY OF 7)0M T:AMPERATURE TEST RESULTS

T4 6A1-6V-25Sn  Arnealed Condittion
Property Thickness Direction No. of Tests { Property Value *
.250 to .300 L 5 24,5
LT 1 212,2
Bearing Yield .500 tc 630 L 5 230.2
Strength LT 1 222.5
(KsT) i 5 218.4
e/D = 1.5 1.00 i 1 217.3
iE 1 215.6
TE 1 200.6
.250 to .300 1 5 252,
LT 1 286.1
Bearing Yield .500 to .630 L 5 27L.6
Strength LT 1 307.1
(Ks1) L 5 264.0
l e/D = 2.0 1.00 LT 1 253.4
LE 1 267.7
TE 1l 256.4
.250 ¢ .300 L 5 99.6
Sheer Ultimate LT 1 108.7
Strength .500 to .630 L 5 106.0
{XsI) LT 1 108.2
1.00 L 5 102.0
T 1 105.3

*  Average value for mcre than 1 test.
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SUMMARY OF ROOM TEMPERATURE TEST RESULTS

STA Condition

Table VI - 10

Property Thickness Direction | No. of Tests Property Value *
.250 to .300 L 1 184.6
_IT 1 191.2
Tensile Ultimate .500 to .630 L 5 1E3.1
Strength LT 5 183.?
(KsI) L 5 187.4
>1.00 LT 5 188.3
ST 5 182.3
.250 to .300 T 1 ~176.5
1T 1 186.0
.50C to .630 L 5 177.1
Tensile Yield LT 5 176.5
Strength L S 176.2
(KS1) 2 1.00 LT 5 179.0
ST 5 167.6
.250 to .300 L 1 T8 T
LT 1 206.0
Compressive Yield +500 to .630 L 5 188.8
Strength LT 5 188.3
(XsT) L 5 155.%
> 1.00 17 5 191.4
ST 5 19k .4
250 to .300 T T 250.6
i .500 to .630 L 5 291.5
Bearing Ultimate LT 1 287.4
Strength i L 5 R
(Ks1) > 1.00 LT 1 266.0
e/D = 1.5 LE 1 261.1
TE 1 251.7
+250 to .300 L 1 360.4
Beering Ultimate .500 to .630 L 5 365.2
Strength Ly 1 350.2
(KsI) L 5 360.6
e/D = 2.0 1 LT 1 343.7
2100 LE 1 350.3
TE 1 342.5

* Average value for more than 1 test.
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Table VI- 10 (cont'd)

(EN

SUMMARY OF ROOM TEMPERATURE TEST RESULTS

AR L PTS PLA

AT )

T4 6A1-6V-25Sn STA Conditior

Property Thickness Diw~2tion Nc. cf Tests Property Value *

«250 %o .300 L

=

271.7

203.5 ]
265,31

T TR BT ChOU B

%h

t0 630 L
Bearing Yield 1T

P

Strength L
(xs1) 2 1.00 T
e/ = 1.5 1E

270.9
266.5
240.0
2)"'205

vy

RO TR

.25¢ to .300 206.7

.500 to .630 298.3

Bearing Yield 298.1

Strength
(Xs1) 2 1.00
e/D = 2.0

30%.9
283.3
289.4
z 312.0
. .250 to .300 ~107.0

S TN INKVIVA FREA TR S KK

(W (ONWRWEY [WES [ (W WA (SR

Hgggﬁsr«t—*

LR SRR L A R A i gy
"

S antee

3 : Shear Ultimate «5C0 to .630
) Strength :
(ks1) > ...0C

111.6
118.0
114.6
111.0

. et
r’_]‘t*’.._zl.“
=i\

e G

: : * Average value for more than 1 test.

O R TR SOy

B R, ey

T W AT RSO T

NORW IS BT RO Ak

- 13k -

(#aadei

PAREIIOE 5 L e

.I",rrcrﬂwm itk




T T e A N e LY T T

B

2|
5

12

2 DI 1 P O

Section VII
; TEST RESULTS ‘g
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Contained within this section are the results of the various mechanical
property tests performed in this iznvestigation.

Gy sk e

v St 2l
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Page Zf%
Ti-4A1-3Mo-1V Cond. A 135 - 149 ¥
T4-13V-11Cr-3A1 Cond. A 150 - 158 ;:
Ti-6A1-4V Cond. STA 159 - 180 §
Ti-6A1-AV-25n Cond. A 181 - 205 é
T4-6A1-6V-2Sn Cond. STA 206 - 226
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Figure 7-1 Typical Tensile Stress-Strain Curve (full-range) for Annealed ¥
T4-IA1-340-1V Alloy Sheet at Room Tempersture
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Figure 7-3
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